Specific protein-protein interactions are important for biological signal transduction. The postsynaptic density-95, disc-large, and zonulin-1 (PDZ) domain is one of the most abundant protein interaction modules. Multi-PDZ-domain protein 1 (MUPP1), as a scaffold protein, contains 13 PDZ domains and plays an important role in cytoskeletal organization, cell polarity, and cell proliferation. The study on PDZ domain of MUPP1 helps to understand the mechanisms and functions of MUPP1. In the present study, the fourth PDZ domain of MUPP1 (MUPP1-PDZ4) from Mus musculus was cloned, expressed, purified, and characterized. The MUPP1-PDZ4 domain was subcloned into a pET-vector and expressed in Escherichia coli. Affinity chromatography and sizeexclusion chromatography were used to purify the protein. MUPP1-PDZ4 protein was a monomer with a molar mass of 16.4 kDa in solution and had a melting point of 60.3°C. Using the sitting-drop vapor-diffusion method, MUPP1-PDZ4 protein crystals were obtained in a solution ( pH 7.0) containing 2% (v/v) polyethylene glycol 400, 0.1 M imidazole, and 24% (w/v) polyethylene glycol monoethyl ether 5000. Finally, the crystal was diffracted with 1.6 Å resolution. The crystal structure showed that MUPP1-PDZ4 domain contained three α-helices and six β-strands in the core. The GLGI motif, L562/A564 on the β-strand B, and H605/V608/L612 on the α-helix B formed a PDZ binding pocket which could bind to the C-terminal of the binding partners. This biochemical and structural information will provide insights into how PDZ binds to its target peptide and the theoretical foundation for the function of MUPP1.
Introduction
Biological signal transduction from receptors at the plasma membrane to their targets in the cytoplasm and nucleus relies on specific protein-protein interactions [1] . Through protein-protein interactions, diverse biological activities are regulated [2] . Thus, it is very important to elucidate the mechanisms involved in these proteinprotein interactions.
Since protein-protein interactions mainly depend on their domain-domain interactions [3] , how protein domains interact with each other is critical for protein interactions and their functions. The postsynaptic density-95, disc-large, and zonulin-1 (PDZ) domain has become one of the most abundant protein interaction modules in various species. There are 90,165 PDZ domains in 58,998 proteins included in the SMART's (http://smart.embl-heidelberg.de/) NRDB database (non-redundant database) [4] . Because a number of biology dysfunctions are related to PDZ-mediated interactions [5] [6] [7] [8] , there is a growing interest in studying the interaction between PDZ domains and their binding partners which may become drug targets.
A typical PDZ domain contains ∼90 amino acid residues which form six β-strands and two α-helices. Most commonly, PDZ domains recognize the extreme C-terminal of target proteins. In some cases, PDZ domains can also recognize the internal sequence of target proteins [9, 10] . PDZ domains are mostly found in submembrane scaffolding proteins which often contain multiple copies of PDZ domains and play important roles in organizing signaling cascades. Multi-PDZdomain protein 1 (MUPP1) is one of the scaffold proteins containing 13 PDZ domains and has no apparent catalytic motifs. Through the PDZ-domain-mediated interaction with the target proteins, MUPP1 acts as a platform to make the signaling proteins associated with each other and to form large molecular weight signaling complexes, which largely improves the efficiency, specificity, and sensitivity of the chemical reaction within the complexes compared with freely diffused reactants [1, 11] .
MUPP1 was first discovered to bind to the C-terminal of 5-HT2C receptor in the yeast two-hybrid experiments. It was named as MUPP1 for containing multiple PDZ domains (from 10 to 13 in different species) [12] . The MUPP1 gene is localized on human chromosome 9p24-p22 and includes 19 transcripts due to alternative splicing and 11 encoding-transcripts. Among the transcripts, the longest transcript encodes ∼2000 amino acid-long MUPP1 which is abundant in the brain as well as in several peripheral organs [13] . MUPP1 regulates cell processes such as cytoskeletal organization, cell polarity, cell proliferation, and many signal transduction pathways through its PDZ domains [14, 15] . The MUPP1 gene is associated with some human diseases [16, 17] and its mutations have been found in human congenital hydrocephalus [18] , leber congenital amaurosis, and retinitis pigmentosa [19] . MUPP1's roles in ethanol withdrawal and voluntary ethanol consumption have already been confirmed in MUPP1 transgenic and knockdown mouse models [20] .
Until now, the structures for the 1st (PDB code: 2O2T), 3rd (PDB code: 2IWN), 7th (PDB code: 2IWQ and 2FCF), 10th (PDB code: 2POPG), 11th (PDB code: 2QG1), 12th (PDB code: 2IWP and 2IWO), and 13th (PDB code: 2FNE) PDZ domains of MUPP1 have been resolved [5] , and some binding partners have been identified such as CLAUDIN1 [21] , CLAUDIN8 [22] , JAM1 [21] , RhoGEFTech [14] , Mt1 melatonin receptor [23] , and NG2 [24] . Great progress has been made in the study of functional properties of MUPP1; however, the underlying molecular mechanisms are still poorly understood. Therefore, a better characterization of PDZ domains in MUPP1 may become essential in understanding the function of MUPP1. In this study, MUPP1-PDZ4 protein was expressed, purified, and characterized biochemically and structurally.
Materials and Methods

Materials
Enzymes were obtained from New England Biolabs (Ipswich, USA). DTT, NaCl, Tris, and ethylenediaminetetraacetic acid (EDTA) were obtained from Sigma (St Louis, USA). Other chemicals of analytical reagent grade were purchased from Sangon (Shanghai, China).
Plasmids
The cDNAs encoding MUPP1-PDZ4 (residues 521-630 and 521-665) from Mus musculus were amplified by polymerase chain reaction (PCR) from a mouse brain cDNA library. MUPP1-PDZ4 521-630 and 521-665 cDNA sequences were amplified using forward primer (CGGATCCGCTGAAGATGTGCAGCAAGAG) and reverse primers (GGAATTCTCAGGGTGGCACAGTCCGACGGCAG/GGAATTC TCAATCCTCTGTCTCTGAGGACCCA), which introduced 5′ BamHI and 3′ EcoRI restriction sites for parallel cloning. The PCR-amplified MUPP1-PDZ4 521-630 and MUPP1-PDZ4 521-665 were subcloned into a modified version of the pET32a vector [11] . The cDNA encoding 5HT2C peptide (SVVSERISSV) and Syx peptide (LNSTLTASEV) were subcloned into pETMG.3C vector (a vector contains a six His-tagged GB1 fusion carrier protein) by primerannealing methods [25] . The primers for 5HT2C peptide and Syx peptide were synthesized as the following sequences, respectively: GATCCAATGTGGTCAGCGAGAGGATTAGTAGTGTGTAAG/ AATTCTTACACACTACTAATCCTCTCGCTGACCACATTG and GATCCCTCAACTCCACGCTCACTGCCTCGGAGGTGTGAG/ GATCCTCACACCTCCGAGGCAGTGAGCGTGGAGTTGAGG.
Protein expression and purification
The pET-MUPP1-PDZ4 plasmids were transformed into Escherichia coli BL21 (DE3) strain. Then single colony was inoculated to LuriaBertani (LB) media containing 50 µg/ml ampicillin and induced by 0.1 mM isopropyl β-D-1-thiogalactopyranoside at 16°C for 20 h. The cells were harvested by centrifugation at 6000 g for 10 min, lysed by sonication for 20 min and finally centrifuged at 20,000 g for 20 min to collect the supernatant. Then, the supernatants were purified by Ni 2+ -Sepharose (GE Healthcare, Little Chalfont, UK) affinity chromatography, followed by a size-exclusion chromatography (Hiload 26/60 Superdex 200; GE Healthcare) in a buffer of 50 mM Tris, pH 7.5, containing 100 mM NaCl, 1 mM DTT, and 1 mM EDTA [11] . The N-terminal His-tagged fragments were then cleaved by 3C protease at 25°C overnight and the cleavage was monitored by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After being totally cleaved, the protein was purified by another step of size-exclusion chromatography. The purified proteins were analyzed by 15% SDS-PAGE. Finally, the absorptions at 280 nm were measured and protein concentrations were determined by Lambert-Beer law. The extinction coefficients for MUPP1-PDZ4 were determined using the online software 'ProtParam' from the Bioinformatics Resource Portal [26] . The two GB1-tagged peptides were also purified by Ni 2+ -Sepharose affinity chromatography, followed by a size-exclusion chromatography. To check the purity of MUPP1-PDZ4, SDS-PAGE was performed using a 5% stacking gel and a 15% separating gel in Tris-glycine buffer. The purified protein (6 µg) was loaded into each lane. The PageRuler Prestained Ladder was used as the protein mass standard (Fermentas, Waltham, USA). Electrophoresis was run in a vertical electrophoresis Mini-PROTEAN Tetra Cell Apparatus (Bio-Rad, Hercules, USA). Gels were stained with Coomassie Blue R250 [27] .
Size-exclusion chromatography and multi-angle laser light scattering
Size-exclusion chromatography was performed on a Superose 12 10/ 300 GL column (GE Healthcare), pre-equilibrated with 50 mM Tris, pH 7.5, containing 100 mM NaCl, 1 mM DTT, and 1 mM EDTA. The AKTA chromatography system (GE Healthcare) was coupled to a Dawn Heleos-II light scattering detector (Wyatt Technologies, Clinton, USA) and an Optilab-Rex refractive index monitor (Wyatt Technologies). The purified protein (80 µg) was loaded and the column was eluted with 50 mM Tris, pH 7.5, containing 100 mM NaCl, 1 mM DTT, and 1 mM EDTA at a flow rate of 0.8 ml/min. Molecular mass was calculated by using ASTRA software (Wyatt Technologies) [28] . The system was calibrated with bovine serum albumin whose theoretical molar mass is 66.4 kDa.
Circular dichroism measurement
Circular dichroism (CD) spectra were obtained by using Applied Photophysics Chirascan instrument (Applied Photophysics, Surrey, UK) with a thermostated cell holder. A quartz cell with a 0.5-mm light path was used. Spectra were recorded from 200 to 260 nm for the far-ultraviolet (UV) CD. The final concentration of MUPP1-PDZ4 was kept at 30 µM. The spectra were corrected relative to the buffer blank. Temperature-dependent denaturation measurements were performed at temperatures from 25.0 to 93.0°C [29] . The unfolding of MUPP1-PDZ4 domain was assumed to undergo a two-state transition, N ⇔ U, where N and U represent the native state and unfolded state, respectively. The equilibrium constant for this unimolecular reaction is determined by the following equation:
where f is the fraction of unfolded protein which can be obtained from the CD signal change during the thermal denaturation. Through equation (1) 
Crystallography
Freshly purified MUPP1-PDZ4 was concentrated to 0.5 mM. Crystals of MUPP1-PDZ4 were obtained at 16°C by sitting-drop vapor diffusion against 80 µl well solution using 96-well format crystallization plates. One crystal form was obtained. Crystals belonging to space group I222 were obtained with a well solution ( pH 7.0) containing 2% (v/v) polyethylene glycol 400, 0.1 M imidazole, and 24% (w/v) polyethylene glycol monoethyl ether 5000. Crystals were flash-cooled in liquid nitrogen. A 1.65 Å resolution X-ray data-set was collected at Shanghai Synchrotron Radiation Facility (Shanghai, China) and processed using HKL2000 [32] . The initial phase was determined by molecular replacement using SAP102-PDZ3 (PDB code: 3JXT) as a searching model. The model was refined in Refmac5 [33] and Phenix [34] against the 1.65 Å data-set. Further model building and adjustments were completed using COOT [35] . The refinement statistics is listed in Table 1 . All structure figures were prepared by PyMOL (www.pymol.org). The sequence alignments were prepared and presented using ClustalW [36] and ESPript [37] , respectively.
Analytical gel-filtration chromatography
Analytical gel-filtration chromatography was performed on an AKTA FPLC system using a Superose 12 10/300 GL column. Protein samples were loaded onto the column equilibrated with 50 mM Tris-HCl buffer ( pH 7.5), containing 100 mM NaCl, 1 mM DTT, and 1 mM EDTA. About 50 µM MUPP1-PDZ4 was mixed with 50 µM GB1-tagged 5HT2C peptide (SVVSERISSV) or GB1-tagged Syx peptide (LNSTLTASEV). The mixtures had been incubated for 15 min at 25°C, centrifuged at 14,000 g for 15 min and loaded to the injector. The column was eluted at a flow rate of 0.8 ml/min. When the proteins were mixed and injected to the gel-filtration column, the association of the proteins will result in the formation of a larger protein complex and the decrease of their elution volume in the column.
Isothermal titration calorimetry measurement
Isothermal titration calorimetry (ITC) measurements were carried out on a MicroCal iTC200 calorimeter (GE Healthcare) to measure the binding affinities between peptides and MUPP1-PDZ4. All samples were prepared in 50 mM Tris-HCl buffer ( pH 7.5), containing 100 mM NaCl, 1 mM DTT, and 1 mM EDTA. All experiments were performed at 25°C. The MUPP1-PDZ4 was loaded into the sample cell and the peptides were placed in the injection syringe. The sample in the injection syringe was sequentially titrated into the sample cell (0.5 µl for the first injection and 2 µl each for the following 19 injections in this study).The enthalpy change (ΔH) of each injection was recorded by the calorimeter, which created a curved thermogram (a plot of enthalpy change vs. injection volume). Combined with two thermodynamic equations (ΔG = −nRT ln K a and ΔG = ΔH -TΔS), several thermodynamic parameters of this interaction can be obtained by fitting this curve using a single set of identical sites model. These parameters include: the standard molar enthalpy change (ΔH), the standard entropy change (ΔS), the association constant (K a ), and the binding stoichiometry (n) [38] .
Results
Purification of recombinant proteins
Mus-MUPP1 was a 2055-residue multiple PDZs protein (13 PDZ domains) . The boundary of MUPP1-PDZ4 was determined to be residues 521-630 according to the secondary structure prediction by the website of psipred (http://bioinf.cs.ucl.ac.uk/psipred/). The plasmid for this boundary was first constructed and the protein His-MUPP1-PDZ4 521-630 was expressed and purified. Unfortunately, there were two bands on the gel which indicated that the His-MUPP1-PDZ4 521-630 protein was not suitable for further experimental characterization (Figs. 1A and 2A) . Then, another boundary containing residues 521-665 with an extra C-terminal sequence of 35 amino acids was constructed and the protein was expressed and purified. Figures 1B  and 2B showed the purity of recombinant His-MUPP1-PDZ4 521-665 , which was only one band. After the two-step purification, His-tag fragment at the N-terminal was cleaved. MUPP1-PDZ4 521-665 without the N-terminal His-tag also showed a single band on the SDS-PAGE gel and the sequence was GPGSAEDVQQEAALLTKWQRIMGINYEIV VAHVSKFSENSGLGISLEATVGHHFIRSVLPEGPVGHSGKLFSGD ELLEVNGINLLGENHQDVVNILKELPIDVTMVCCRRTVPPIALS EMDSLDINDLELTEKPHIDLGEFIGSSETED.
The absolute molar mass of the MUPP1-PDZ4 521-665 with and without His-tag was determined by size-exclusion chromatography and multi-angle laser light scattering (SEC-MALS). As shown in Fig. 1C , there was one sharp and symmetrical peak showing that theprotein MUPP1-PDZ4 was pure. The theoretical molar mass of the MUPP1-PDZ4 521-665 was 16.2 kDa and the molar mass of N-terminal His-tagged MUPP1-PDZ4 521-665 was 18.2 kDa, while the experimentally measured molar mass from MALS were 16.4 and 18.4 kDa, respectively (0.5% fitting error) (Fig. 1C) . According to the analysis of SEC-MALS results, it was concluded that MUPP1-PDZ4 521-665 was a monomer with 16.4 kDa molar mass in solution.
Stability of MUPP1-PDZ4
CD spectroscopy was used to detect the secondary structure of MUPP1-PDZ4. As shown in Fig. 3A , the CD spectrum for MUPP1-PDZ4 had typical negative peaks around 210 and 220 nm, indicating α-helix and β-stand structure, while the CD signal at 200 nm reflects the random coil structure. The value of CD 218 nm of MUPP1-PDZ4 increased gradually from -20 to -9 mdeg when the incubation temperature was gradually increased from 25.0 to 93.0°C. The curves at 25, 60, and 93°C represent folded, half-folded, and unfolded status of MUPP1-PDZ4 domain, respectively. Figure 3B shows the plot of CD signal at 218 nm against different temperatures. The MUPP1-PDZ4 protein had a melting point of 60.3°C and the Van't Hoff enthalpy was 158 kJ/mol.
The CD data revealed that folded status MUPP1-PDZ4 contained α-helices and β-stands, with a melting point of 60.3°C. Thus, MUPP1-PDZ4 was stable in physical condition.
Crystal structure of MUPP1-PDZ4
We crystallized the MUPP1-PDZ4 domain and solved its structure at 1.6 Å resolution. Data collection and refinement statistics are shown in Table 1 . A model for amino acid 521-629 had been built. Region from residues 630-665 was absent in the model because of its flexibility. All of the secondary structure elements and connecting loops were well ordered.
Sequence alignment analysis revealed that the MUPP1-PDZ4 domain was highly conserved during evolution (Fig. 4A) . MUPP1-PDZ4 consists of a core of six β-strands (βA-βF) and three α-helices (α-extension, αA, and αB) as shown in Fig. 4B . The domain was Figure 4 . Sequence alignment and crystal structure of MUPP1-PDZ4 (A) Amino acid sequence alignment of the PDZ4 domains of the MUPP1 from different species. In this alignment, the absolutely conserved and highly conserved residues were highlighted in red and yellow, respectively. The secondary structure of PDZ4 determined from the crystal structure was indicated at the top of the sequence. The residues for the binding pocket were indicated with stars. (B) Ribbon diagram of the MUPP1-PDZ4 domain with secondary structure elements. (C) The vacuum electrostatics surface of the MUPP1-PDZ4 domain. Positively charged residues were shown as blue, negatively charged residues as red, and hydrophobic residues as white.
compact and globular (Fig. 4C) . β-Strands formed a partially opened β-barrel, and the open sides of the barrel were each capped with an α-helix (αA and αB). Compared with the canonical PDZ domain, the structure of MUPP1-PDZ4 had an α-extension. But the function of this α-extension was still unclear. The GLGI motif on the carboxylate binding loop, L562/A564 on the βB, and H605/V608/L612 on the αB jointly formed a binding pocket for the binding of the carboxyl tail of the ligands (Fig. 5) . The backbone amide groups of GLGI motif, G557, L558, G559, and I560 could form hydrogen bonds with the carboxylate of the ligands. H605 of the αB was a polar residue and preferentially bound to serine or threonine at the -2 position of the ligands. Hence, we hypothesized that the MUPP1-PDZ4 domain could bind a peptide with S/T(-2)-X(-1)-Φ(0) at the C-terminal, where X represented any residues and Φ represented hydrophobic residues.
Binding property of MUPP1-PDZ4
In order to test our hypothesis for the binding property of MUPP1-PDZ4, two peptides [SVVSERISSV (5HT2C) and LNSTLTASEV (Syx)] containing S/T-X-Φ motif at the C-terminal were chosen, and the analytical gel filtration and ITC were used to detect the binding of two peptides with MUPP1-PDZ4. As shown in Fig. 6 , these two peptides did not bind to MUPP1-PDZ4.
Discussion
Proteins containing PDZ domain play important roles in assembling protein complexes for signal transduction and organizing large, complicated cellular structures in neurons and epithelial cells [4] . The interactions between PDZ domains and their target proteins have been studied [2, 7] . Some PDZ domains are targets for potential therapeutic applications in PDZ-domain-related human diseases [5, 8] .
MUPP1, as a scaffold protein, contains 13 PDZ domains. Various PDZ domains of MUPP1 can bind to diverse target proteins specifically, which is the base of the macromolecular assemblies [15] . MUPP1-PDZ4, the fourth PDZ of the protein, is highly conserved in different species according to amino acid sequences analysis. However, little is known about its function. In this study, the MUPP1-PDZ4 domain was purified and its biochemical characterization was performed. As shown in Figs. 4 and 5, the structure of MUPP1-PDZ4 was obtained through X-ray crystallography. It showed some differences when compared with the canonical PDZ domain. There was an α-extension beyond the PDZ domain, but its function was unclear. The C-terminal sequences binding to PDZ domain had been classified into three classes: I, II, and III. The amino acid sequence of class I was (S/T)-X-Φ, class II was Φ-X-Φ, and class III was (D/E)-X-Φ, where X represents any residues and Φ represents hydrophobic residues [39, 40] . With the analysis of the residues in the binding pocket, it was found that the C-terminal sequence of the ligands should be S/T(-2)-X(-1)-Φ(0) and belonged to class I. However, two GB1-tagged peptides [SVVSERISSV (5HT2C) and LNSTLTASEV (Syx)] containing S/T-X-Φ motif at the C-terminal showed no binding to MUPP1-PDZ4 (Fig. 6 ). This interesting phenomenon indicated that the C-terminal S/T-X-Φ motif may not be enough for the MUPP1-PDZ4 binding. A longer candidate peptide should be tested to confirm this result.
In this study, the protein quality of MUPP1-PDZ4 521-665 was much better than MUPP1-PDZ4 521-630 , indicating that the residues 631-665 were indispensable for the stability of PDZ4 domain. However, the electron density from residues 630-665 was absent in the crystal structure. Therefore, how the residues 631-665 could stabilize PDZ4 domain was still unknown.
Through binding to target proteins, MUPP1 plays an important role in cell migration and signal transduction. The study on the structure will provide a theoretical base for the subsequent function study of MUPP1 protein.
Accession number
The atomic coordinates and structure factors of the MUPP1-PDZ4 have been deposited in the Protein Data Bank under the accession code of 4XH7.
